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Spin and Charge Shot Noise in Mesoscopic Spin Hall Systems
Ralitsa L. Dragomirova, Liviu P. Zaˆrbo,∗ and Branislav K. Nikolic´
Department of Physics and Astronomy, University of Delaware, Newark, DE 19716-2570, USA
Injection of unpolarized charge current through the longitudinal leads of a four-terminal two-
dimensional electron gas with the Rashba spin-orbit (SO) coupling and/or SO scattering off extrinsic
impurities is responsible not only for the pure spin Hall current in the transverse leads, but also for
random time-dependent current fluctuations. We employ the scattering approach to current-current
correlations in multiterminal nanoscale conductors to analyze the shot noise of transverse pure spin
Hall and zero charge current, or transverse spin current and non-zero charge Hall current, driven
by unpolarized or spin-polarized longitudinal current, respectively. Since any spin-flip acts as an
additional source of noise, we argue that these shot noises offer a unique tool to differentiate between
intrinsic and extrinsic SO mechanisms underlying the spin Hall effect in paramagnetic devices.
PACS numbers: 72.25.Dc, 05.40.-a
Introduction—The recently discovered spin Hall effect
(SHE) in paramagnetic semiconductor [1, 2] and metal-
lic [3] systems holds great promise to revolutionize [2]
electrical generation, control, and detection of nonequi-
librium spin populations in the envisaged spintronic de-
vices. The SHE actually denotes a collection of phenom-
ena manifesting as transverse (with respect to injected
conventional unpolarized charge current) separation of
spin-↑ and spin-↓ states, which then comprise either a
pure spin current or accumulate at the lateral sample
boundaries. Its Onsager reciprocal effect—the inverse
spin Hall effect [4] where longitudinal pure spin current
generates transverse charge current or voltage between
the lateral boundaries—offers one of the most efficient
schemes to detect elusive pure (i.e., not accompanied by
any net charge flux) spin currents by converting them
into electrical quantities [3].
While the direct and inverse SHE do not require mag-
netic field, they essentially rely on SO coupling effects
in solids. In addition, their magnitude typically depends
on the type of microscopic SO interaction, impurities,
charge density, geometry, and dimensionality. Such a
variety of SHE manifestations poses immense challenge
for attempts at a unified theoretical description of spin
transport in the presence of relativistic effects, which has
not been resolved by early hopes [5, 6] that auxiliary spin
current jˆzy and spin conductivity σsH = 〈jˆ
z
y 〉/Ex (as the
linear response to longitudinal electric field Ex) of infi-
nite homogeneous systems could be elevated to univer-
sally applicable and experimentally relevant quantities.
Thus, the key task emerging for theoretical analysis
is to provide guidance for increasing and controlling the
spin accumulation in confined geometries [7, 8] (observed
SHE in semiconductors is presently rather small [1, 2])
or outflowing spin currents [7, 9] driven by them . In this
respect, understanding of the intrinsic [5, 6] (due to SO-
governed spin-split band structure) or extrinsic [4] (due
to SO-dependent scattering off impurities) origin of the
SHE has been one of the central topics in interpreting ex-
periments [6] and development of SHE-based spintronic
devices [2]. The intrinsic SO couplings are predicted to
yield large SHE response [6], which, moreover, can be
controlled electrically by gate electrodes covering low-
dimensional devices [9]. The extrinsic ones are fixed and
the corresponding much smaller SHE is hardly control-
lable (except through charge density and mobility [2]).
However, measurements of usual quantities of trans-
verse spin and charge transport typically are not able
to resolve the intrinsic vs. extrinsic dilemma. This
long standing issue is well-known from the studies of the
anomalous Hall effect (AHE) [10] in ferromagnetic mate-
rials (SHE can be viewed as the zero magnetization limit
of AHE) where standard analysis of the AHE experimen-
tal data—fitting of the Hall resistivity vs. longitudinal
resistivity by a power law [11]—is insufficient to clearly
differentiate underlying SO mechanisms. Here lessons
from mesoscopic quantum physics might be enlightening:
much more information, when contrasted to usual time-
averaged conductances and conductivities, about trans-
port of non-interacting or interacting quasiparticles is
contained in time-dependent nonequilibrium current (or
voltage) fluctuations [12]. Unlike equilibrium (thermally
driven) noise, such shot noise persists down to zero tem-
perature and it is fundamentally connected to the dis-
crete nature of the electron charge [12]. Furthermore,
a handful of recent theoretical [13, 14] and experimen-
tal [15] studies have suggested that shot noise in sys-
tems with spin-dependent interactions provides a sensi-
tive probe to differentiate between magnetic impurities,
spin-flip scattering, and continuous spin precession ef-
fects in transport. This is due to the fact that any spin
flip introduces additional source of current fluctuation
when spin degeneracy is lifted and electrons from spin-↑
subsystem are converted into spin-↓ subsystem.
In this Letter we investigate whether the information
stored in the shot noise of transverse spin Hall current,
as well as the noise of associated transverse charge trans-
port, can be used to separate different types of SO in-
teractions driving SHE. We draw inspiration for this ap-
proach from few recent intriguing theoretical findings: (i)
2the intrinsic aspects of AHE have been directly related
to the voltage shot noise [16] in four-terminal or current
noise in two-terminal [17] ferromagnetic devices; (ii) it
has been argued [18] that measurements of charge cur-
rents and their auto- and cross-correlation shot noise on
a multiterminal bridge can be used to express its SHE
conductance in terms of purely electrical quantities (in-
dependently of microscopic SO mechanisms); (iii) elec-
trical measurement of the shot noise of spin-polarized
charge current can sensitively probe spin precession and
spin dephasing of transported electrons in two-terminal
nanostructures [14]. Our principal findings, summarized
in Figs. 1 and 2, suggest that in multiterminal two-
dimensional electron gas (2DEG), whose SHE can in gen-
eral contain contributions from both extrinsic and intrin-
sic SO couplings [19], the shot noise of spin and charge
current in the transverse electrodes is substantially af-
fected by changing the intrinsic Rashba coupling. On
the other hand, extrinsic SO scattering has virtually no
effect on the shot noise in transverse electrodes.
Scattering approach to shot noise of spin and charge
currents in multiterminal nanostructures—Unlike semi-
nal arguments [5] for the intrinsic SHE in infinite 2DEGs,
where electric-field-driven acceleration of electron mo-
menta and associated precession of spins plays crucial
role, the so-called mesoscopic SHE [9, 20] was intro-
duced in ballistic finite-size systems attached to multi-
ple current and voltage probes where electric field is ab-
sent in the SO-coupled central sample (surrounded by
reflectionless leads). Its description in terms of total
charge Iα = I
↑
α + I
↓
α and conserved total spin currents
ISzα = I
↑
α − I
↓
α in ideal electrodes α (which are related
to nonequilibrium spin densities within the sample and
the leads [7]) is particularly suited for the spin-dependent
shot noise analysis.
To proceed with such analysis, we define correlators
between spin-resolved charge currents I↑α and I
↓
β in the
same α = β or different α 6= β leads
Sσσ
′
αβ (t− t
′) =
1
2
〈δIˆσα(t)δIˆ
σ′
β (t
′) + δIˆσ
′
β (t
′)δIˆσα(t)〉. (1)
Here Iˆσα(t) is the quantum-mechanical operator of the
spin-resolved (σ =↑, ↓) charge current in lead α. The
current-fluctuation operator at time t in lead α is
δIˆα(t) = Iˆα(t) − 〈Iˆα(t)〉. We use 〈. . .〉 to denote both
quantum-mechanical and statistical averaging over the
states in the macroscopic reservoirs to which a meso-
scopic conductor is attached via semi-infinite interaction-
free leads. The spin-resolved noise power between ter-
minals α and β is the Fourier transform of Eq. (1),
Sσσ
′
αβ (ω) = 2
∫
d(t − t′) e−iω(t−t
′)Sσσ
′
αβ (t − t
′), so that
for charge current one gets Schargeαβ (ω) = S
↑↑
αβ(ω) +
S↓↓αβ(ω)+S
↑↓
αβ(ω)+S
↓↑
αβ(ω) and for spin current S
spin
αβ (ω) =
S↑↑αβ(ω) + S
↓↓
αβ(ω)− S
↑↓
αβ(ω)− S
↓↑
αβ(ω).
The scattering theory of quantum transport yields
Iˆσα(t) =
e
h
∑M
n=1
∫∫
dE dE′ ei(E−E
′)t/~[aˆσ†αn(E)aˆ
σ
αn(E
′) −
bˆσ†αn(E)bˆ
σ
αn(E
′)] for the operator of spin-resolved charge
current carried by spin-σ electrons in terminal α. The
operator aˆσ†αn(E) [aˆ
σ
αn(E)] creates [annihilates] incoming
electrons in lead α which have energy E, spin-σ, and
orbital part of their wave function is the transverse prop-
agating mode |n〉. Similarly, bˆσ†αn, bˆ
σ
αn denote spin-σ elec-
trons in the outgoing states. Inserted Iˆσα(t) into Eq. (1)
and Fourier transforming it leads to the following formula
for the spin-resolved noise power spectrum
Sσσ
′
αβ (ω) =
e2
h
∫
dE
∑
γ,γ′
∑
ρ,ρ′=↑,↓
Tr
[
A
ρρ′
γγ′(α, σ,E,E + ~ω)
× Aρ
′ρ
γ′γ(β, σ
′, E + ~ω,E)
]
{fργ (E)[1 − f
ρ′
γ′ (E + ~ω)]
+fρ
′
γ′ (E + ~ω)[1− f
ρ
γ (E)]}. (2)
Here fργ (E) is the Fermi function of spin-ρ elec-
trons (ρ =↑, ↓), kept at temperature Tγ and spin-
dependent chemical potential µργ in lead γ. The
Bu¨ttiker’s current matrix [12]Aρρ
′
βγ (α, σ,E,E
′), whose el-
ements are [Aρρ
′
βγ (α, σ,E,E
′)]mn = δmnδβαδγαδ
σρδσρ
′
−∑
k[s
σρ†
αβ (E)]mk[s
σρ′
αγ (E
′)]kn, is now generalized to include
explicitly spin degrees of freedom through the spin-
resolved scattering matrix connecting operators aˆσαn(E)
and bˆσαn(E) via bˆ
σ
αn(E) =
∑
βm[s
σσ′
αβ ]nm(E)aˆ
σ′
βm(E).
In the zero-temperature limit the thermal (Johnson-
Nyquist) contribution to the noise vanishes and the Fermi
function becomes a step function fρα(E) = θ(E − µ
ρ
α).
Evaluation of Eq. (2) for zero-temperature and zero-
frequency Sσσ
′
αβ ≡ S
σσ′
αβ (ω = 0, T = 0) in the top lead
α = 2 = β of a four-terminal bridge typically em-
ployed in the analysis of the mesoscopic SHE yields ex-
plicit expressions for Sσσ
′
22 , S
spin
22 , and S
charge
22 noise power
[for labeling of the four leads see inset in the middle
panel of Fig 1(a)]. They are too lengthy to be writ-
ten down here due to many terms arising from the ef-
fect of other leads on the noise in the selected lead 2.
In addition, one can also compute these noise correla-
tors for set-ups where spin-polarized charge current is
injected through lead 1, thereby driving the transverse
charge Hall current [21] through leads 2 and 3. In this
case, the magnitude |P| of the spin-polarization vector
enters into Eq. (2) via the spin-dependent electrochemi-
cal potentials in the injecting lead 1, µ↑1 = EF + eV and
µ↓1 = EF + eV (1− |P|)/(1 + |P|), where EF is the Fermi
energy of electrons in the macroscopic reservoirs. In the
collecting leads the electrochemical potentials for both
spin species are the same µ↑i = µ
↓
i (i = 2, 3, 4). Such set-
up is also closely related to the inverse SHE in which case
µ↑1 = EF + eV = µ
↓
2 and µ
↓
1 = EF = µ
↑
2 (for |P|=1) gen-
erates situation with longitudinal pure spin current (as
injection of two counter propagating fully spin-polarized
charge currents of opposite P) and no net longitudinal
charge current.
3In general, the central 2DEG sample employed in SHE
experiments [22] can be modeled by the effective mass
Hamiltonian which takes into account confining Vconf(y)
and impurity Vdis(x, y) potentials, as well as intrinsic and
extrinsic SO coupling effects
Hˆ =
pˆ2x + pˆ
2
y
2m∗
+ Vconf(y) + Vdis(x, y)
+
α
~
(pˆyσˆx − pˆxσˆy) + λ (σˆ × pˆ) · ∇Vdis(x, y).(3)
Here the fourth term is the intrinsic Rashba SO cou-
pling [23] due to structural inversion asymmetry of the
quantum well [(σˆx, σˆy, σˆz) denotes the vector of the Pauli
matrices, and pˆ = (pˆx, pˆy) is the momentum operator in
2D space], which is responsible for ∆SO = 2αkF spin
splitting at the Fermi level (~kF is the Fermi momen-
tum). The fifth (Thomas) term is a relativistic correction
to the Pauli equation for spin- 12 particle where minuscule
value of λ in vacuum can be renormalized enormously by
the band structure effects due to strong crystal potential
(leading to, e.g., λ/~ = 5.3 A˚2 for GaAs [23]). Using the
unitarity of the scattering matrix, Sσσ
′
22 as the basic noise
quantity can be expressed solely in terms of the transmis-
sion matrix tσσ
′
αβ , which is a block of the full scattering
matrix determining the probability |[tσσ
′
αβ ]nm|
2 for spin-σ′
electron incident in lead β in the orbital conducting chan-
nel |m〉 to be transmitted to lead α as spin-σ electron in
channel |n〉.
The computation of tσσ
′
αβ for multiterminal structures
described by Eq. (3) is discussed in detail in Refs. [9]
through numerically exact real⊗spin space Green func-
tions for the lattice version [19] of Eq. (3) which make
possible to treat both weekly (L ≪ LSO) and strongly
(L ≥ LSO) SO-coupled multichannel nanostructures, as
well as its arbitrary shape and lead arrangement. Here
the spin precession length LSO (typically LSO ∼ 100 nm),
on which spin precesses by an angle pi, plays a crucial role
in the mesoscopic SHE. It is related to the Rashba cou-
pling strength α through LSO = pi~
2/2m∗α, and can be
extracted from measurement of spin dephasing in both
ballistic and diffusive systems. The spin quantization
axis for ↑ and ↓ spin states is assumed to be the z-axis,
so that all spin currents and noises in lead 2 and 3 de-
scribe the SHE response of 2DEG.
Multiterminal spin and charge shot noise in ballistic
2DEG nanostructures—In this Section and related Fig. 1
we assume ballistic transport [Vdis(x, y) = 0] through
2DEG with non-zero LSO due to the Rashba coupling.
We recall that in two-terminal ballistic structure the
stream of electrons (injected from noiseless electrodes)
is completely correlated by the Pauli principle in the ab-
sence of impurity backscattering, so that corresponding
shot noise vanishes S = 0 (except at the subband edges
where new conducting channels open up) [12]. The non-
zero noise S = 2Fe〈I〉 requires stochasticity of quantum-
mechanical scattering off impurities or walls of chaotic
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FIG. 1: (Color online) Ballistic spin-resolved shot noise in
the transverse electrode 2 [see inset in panel (a)], as well as
the total shot noise of pure spin Hall current (driven by un-
polarized |P| = 0 injected charge current I1) or charge Hall
current [driven by spin-polarized P = (0, 0, 1) injection of I1],
in clean 2DEGs with the Rashba SO coupling as a function
of: (a) Fermi energy EF ; or (b) Rashba SO coupling α mea-
sured through the spin precession length LSO = pi~
2/2m∗α.
In panel (a) the 2DEG sample is of the size LSO ×LSO, while
in panel (b) the sample size is 300 nm × 300 nm and EF is
fixed to open 23 channels for electron injection from lead 1.
cavities which, together with Pauli blocking or Coulomb
interaction induced correlations, set the Fano factor F
(such as the well-known F = 1/3 in diffusive conduc-
tors or F = 1/4 in chaotic ballistic cavities for noninter-
acting electrons [12]). However, in four-terminal struc-
tures in Fig. 1 transmission is not perfect because of the
transverse leads effects (even if they do not draw cur-
rent [24]), so that non-zero noise appears in the absence
of SO coupling. While large Rashba coupling would in-
troduce backscattering [9] at the interface between the
interaction-free electrodes and the sample, we find this
effect not to be the crucial one for noise discussion below
since similar results are obtained for the bridge where
leads 1 and 4 have the same Rashba SO coupling as in
the central 2DEG sample.
Since magnitude of the mesoscopic SHE increases with
the sample size L, reaching maximum [9, 25] when L ≃
LSO, we employ the 2DEG sample of size LSO × LSO
to study the dependence of the shot noise on the Fermi
energy (i.e., charge density that can be changed in exper-
iments by gate electrodes). We also assume that 2DEG
is smaller than the inelastic scattering length Lin because
in larger samples electron-phonon scattering averages out
the shot noise to zero [12]. The most conspicuous feature
of spin-resolved noise in Fig. 1 is the emergence of highly
non-trivial cross-correlations between spin-resolved cur-
rents encoded by S↑↓22 = S
↓↑
22 < 0 (more pronounced for
polarized |P| = |(0, 0, 1)| = 1 injection). This stems from
spin flips in the form of continuous spin precession of the
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FIG. 2: (Color online) Diffusive spin-resolved shot noise in the transverse electrode 2, as well as the total shot noise of pure
spin Hall current (for unpolarized |P| = 0 injection of I1) or charge Hall current [for spin-polarized P = (0, 0, 1) injection of
I1], in disordered four-terminal 2DEGs with the Rashba SO coupling [panels (a) and (b)] or extrinsic SO scattering of strength
λ/~ = 5.3 A˚2 [panel (c)]. In panel (b) the 2DEG sample is of the size LSO × LSO, while in panels (a), (c) the sample size is
fixed at 300 nm× 300 nm. The Fermi energy in panel (a) is set to allow for 23 open conducting channels [see Fig. 1(a)].
z-axis oriented spins in the in-plane effective momentum-
dependent magnetic field corresponding to the Rashba
SO coupling. These cross-correlations can be manipu-
lated by changing the Fermi energy in the case of polar-
ized injection (|P| = 1) or Rashba coupling in the case
of unpolarized longitudinal current (P = 0), thereby im-
printing signature of intrinsic SO couplings on experi-
mentally measurable charge current noise Scharge22 .
Another feature specific to mesoscopic manifestations
of SHE, which is also exhibited by the SHE conductance
ISz2 /V [9, 20], is the appearance of sharp noise peaks
in Fig. 1(a) in the vicinity of subband edges. At these
energies new conducting channels in the leads become
open for transport [top panel of Fig. 1(a)]. Although
this multiterminal noise property of ballistic conductors
persists even in the absence of SO coupling, additional
features of this type can arise at energies of bound states
in the cross whose mixing with propagating states via SO
coupling introduces resonances in the transmission [21].
We emphasize [9, 19] that achieving pure (I2 = I3 =
0) spin Hall current ISz2 , akin to SHE in infinite sys-
tems [5, 6], demands to apply voltages µ2 = µ3 = eV/2
to transverse leads of the bridge biased with µ1 = eV
and µ4 = 0. Despite zero charge current I2 = 0 in this
case, we find non-zero fluctuations around zero average
value as encoded by Scharge22 (|P| = 1). This noise power
increases in the same set-up, at fixed EF and with fast
spin dynamics in samples L/LSO & 2, by switching from
unpolarized to polarized (partially 0 < |P| < 1 or fully
|P| = 1) injection of longitudinal current I1 responsible
for non-zero transverse charge Hall current [21]. Note
that due to I2 = 0 in the SHE set-up (P = 0), we plot
raw noise values (in all Figures for ease of comparison)
rather than normalizing them to 2eI2 (to get the Fano
factors).
Multiterminal spin and charge shot noise in diffu-
sive 2DEG nanostructures—To bring a multiterminal
SHE bridge into the diffusive transport regime we in-
troduce disorder into 2DEG and tune its strength to en-
sure that shot noise in lead 1 attains the Fano factor
F11 = S
charge
11 /2eI1 = 1/3. In the absence of SO coupling,
noise in other three leads does not display any universal
features (F11 = 1/3 is expected to be independent of the
impurity distribution, band structure, and shape of the
conductor [24]) because of nonlocal effects—other leads
contribute to the noise in the electrode α 6= 1 making
possible arbitrarily large values beyond 1/3eIα [24].
In the presence of disorder, one can expect both extrin-
sic and intrinsic contributions to ISz2 whose importance
(as in the case of experimental SHE systems based on
2DEG [22]) is governed [19] by the ratio of characteristic
energy scales ∆SOτ/~ (~/τ is disorder induced broaden-
ing of energy levels due to transport scattering time τ).
For simplicity, we analyze separately 2DEGs with domi-
nant intrinsic [α 6= 0, λ = 0 in Fig. 2(a),(b)] and extrinsic
[α = 0, λ/~ = 5.3 A˚2 in Fig. 2(c)] regimes of SHE. The
most important insight brought about by Fig. 2 is sub-
stantial difference between the shot noise in the intrinsic
and extrinsic regime, where the former exhibits non-zero
cross correlations S↑↓22 = S
↓↑
22 < 0 (as in the ballistic case,
but smaller). The latter has no correlations of this type
for the z-axis spins and orders of magnitude smaller cross-
correlation noise for the x- or y-spins whose spin currents
due to λ 6= 0 are zero ISx2 = I
Sy
2 ≡ 0. We also find that
hypothetical increase of λ would give orders of magnitude
smaller noise change (in fact, decrease) compared to sig-
nificant spin Sspin22 (|P| = 0) or charge S
charge
22 (|P| = 1)
shot noise enhancement with increasing intrinsic α.
5Conclusions—We predict that in low-dimensional
mesoscopic SHE systems any intrinsic SO mechanisms
involving precessing spins would lead to significant en-
hancement of the shot noise of spin and charge trans-
port, as well as to non-trivial correlations between spin-
resolved currents of opposite spin states. In contrast, the
extrinsic SO scattering off impurities in 2D has virtually
no effect on the zero temperature noise. Therefore, exper-
iment observing shot noise enhancement in the transverse
electrodes upon changing the voltage of a gate covering
2DEG would unambiguously confirm the dominance of
the intrinsic contribution to the spin Hall or the charge
Hall effect (and related inverse SHE) in multiterminal
nanostructures.
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